Tumors with similar grade and morphology often respond differently to the same treatment because of variations in molecular profiling. To account for this diversity, personalized medicine is developed for silencing malignancy associated genes. Nano drugs fit these needs by targeting tumor and delivering antisense oligonucleotides for silencing of genes. As drugs for the treatment are often administered repeatedly, absence of toxicity and negligible immune response are desirable. In the example presented here, a nano medicine is synthesized from the biodegradable, non-toxic and non-immunogenic platform polymalic acid by controlled chemical ligation of antisense oligonucleotides and tumor targeting molecules. The synthesis and treatment is exemplified for human Her2-positive breast cancer using an experimental mouse model. The case can be translated towards synthesis and treatment of other tumors.
Introduction
In the post-genomic era when genomes of cancer have been unraveled (National Center for Biotechnology and The Cancer Genome Atlas), future treatment of cancer will account for genetic diversity of tumors often within the same tumor [1] [2] [3] [4] . Bioinformatics and fast, not expensive DNA sequencing allows acquisition of malignant genes/mutations on a personal level 2, 4, 5 . Once the genes have been identified, patients will be treated with personalized medicine to modify or silence their expression of malignant genes 6 . The need to target cancer cells and deliver drugs into these cells calls for polyfunctional delivery systems. Obviously, nano drugs can meet this requirement 7 .
In a surging wave of discoveries nanoparticles have proven suitable to bring payloads of chemotherapeutic drugs, proteins and/or genetically active material to cancer cells. However, adverse effects remain to be addressed. One of them related to the absence of biodegradability may cause deposition of material in healthy tissue and organs with the likelihood to provoke diseases. To minimize deposition, we introduced nontoxic and non-immunogenic polymalic acid, which is of microbial origin and biodegradable to H 2 O and CO 2 8 . We use the polymer to synthesize an all-in-one covalent type of nano drug. It contains chemically attached chemotherapeutics such as Temozolomide, Doxorubicin, or antisense oligonucleotides and functional groups serving extravasation, tissue targeting, endosomolytic delivery. The drugs are intrinsically cleaved from the nano platform when they arrived in the targeted tumor cell, thereby regenerating their full pharmaceutical activity.
We describe the method of microbial production of the polymer nano platform, its purification, and the chemical synthesis of a nano drug that contains Trastuzumab (Herceptin) for cancer targeting and an antisense oligonucleotide for the inhibition of HER2 overproduction. In applying the nano drug to xenogeneic human Her2-positive breast cancer on nude mice, we demonstrate high efficacy of the cancer treatment. The principles of tumor targeting and gene silencing introduced here for polymalic acid nano drugs can be applied in the treatment of other cases of cancer.
Assays and Properties
1. Perform tests for purity and stability in PBS and serum at 4 °C and 37 °C by sec-HPLC analysis. Use polystyrene sulfonate as molecular weight standards. Measure nano size distribution and zeta-potentials. Use commercial systems. 2. Add to 320 μl sample 160 μl of 10% (w/v) hydroxylammonium chloride and 160 μl of 10% (w/v) NaOH. After 10-15 min, mix with 160 μl of 5% (w/v) Fe(III)Cl 3 in 12% (v/v) HCl and read A 540 of hydroxamate/Fe(III). Calculate PMLA assuming 1 mg/ml PMLA corresponds to 2.5 A 540 . 3. Hydrolyze the nano drug overnight in 2 M HCl at 110 °C and assay malic acid on reversed phase chromatography with reference to samples spiked with malic acid standards. Cleave the nano drug with 100 mM dithiothreitol and measure Morpholino-AON by quantitative reversed phase HPLC against Morpholino AON standards. 4. Take nano drug without cleavage and measure antibody using a protein assay kit. Quantify mPEG by allowing its reaction with ammonium ferrothiocyanate, then extract with chloroform and read absorbance at 510 nm wavelength 10 . 5. Perform ELISA with 5 μl of nano drug (1-10 μg mAb) per well testing antibody activity and colligation. Use 0.5 μg/well transferrin receptor and HER2, respectively, as plate-coated antigens and peroxidase-coupled secondary antibodies. 6. Calculate achieved % for AON, mPEG and mAb with regard to malic acid (100%) and compare with the % intended by design (see examples Table 1 and Table 2 ). In addition, some degree of access to the tumor is possible through the disordered endothelial layers that participate in tumor dependent enhanced uptake and retention (EPR) 13 . Next, the nanodrug binds to HER2 expressed on the human cancer cells and internalizes into early endosomes. Binding also blocks HER2 signaling pathway. After maturation of endosomes and their acidification, the endosome escape mechanism of the nano drug is activated. Nanodrug entering the cytoplasm is released from the nano platform by reductive cleavage of the disulfide spacer and binds to HER2-mRNA blocking HER2-synthesis. Blocking of the synthesis extends blocking of HER2-signaling and induces tumor growth inhibition.
In vitro Testing

Microbial production of the polymalic acid platform
The nano conjugate platform, polymalic acid (PMLA), was produced by cultured microplasmodia of Physarum polycephalum and purified from the broth as described in the Protocol and depicted in Figure 2 . Production and purification were smooth and reproducible. It was important The nano conjugates were synthesized as outlined in Figure 4 . The calculated molecular weight of the lead conjugate was 719,000. The overall yield of the synthesis was 45 ± 5% with regard to the malic acid content. On average, of the 862 malyl units (=100%) of the 100 kDa PMLA platform, 40% carried LOEt, 5% mPEG, 2% AON 2%, 0.2% Herceptin and 0.2% anti-MsTfR mAb. The amount for each antibody corresponded to an average of 1.7 molecules per molecule of PMLA platform. The % designed and the % verified by group analysis were the same within ±5%. An example is the case given in Table 1 for the calculation of the experimental content of malic acid, AON, mAb and mPEG 5000 and in Table 2 shows the comparison with the content by design. The high purity according to the criteria under section 3 was achieved on the basis of high reaction yields and efficient separation by size exclusion (e.g. free mAb and mAb-nanoconjugate are separated by 1 min on sec-HPLC), and selective solubility in solvents. The activity of monoclonal antibodies was shown to be retained throughout nano drug synthesis, and it was confirmed that the two kinds of antibodies were assembled on the same polymer platform. The result of atypical ELISA experiment is shown in Figure 5 . In general, the assays for quantitative group analysis for malic acid, AON, protein, PEG and for ELISA were robust, yielding 
Discussion
The experimental route for the preparation of nano drugs from a biodegradable natural polymer is presented that can be used in the synthesis of personalized medicine. The description starts with the controlled production and purification of polymalic acid, which is a versatile platform for nano drug synthesis. Using reproducible techniques, the polymer is obtained with high molecular weight and in extreme purity suitable for pharmaceutical syntheses. The synthesis is described for a nano drug that is shown to efficiently treat HER2-positive breast cancer. The description can be translated into syntheses of most other nano drugs for the treatment of cancer. Targeting involves antibodies such as Herceptin that bind a tumor specific antigen such as HER2 protein or any other tumor marker that is efficiently internalized. The nano drug delivers a selection of antisense oligonucleotides and chemotherapeutics that will efficiently inhibit growth of the cancer under treatment. In the example, Herceptin binding to HER2 and specific antisense oligonucleotide annealing with HER2-coding mRNA resulted in sustained blocking of HER2-signaling and severe reduction of HER2-positive breast cancer. Based on the underlying principle of tumor targeting and inhibition of gene expression by antisense oligonucleotides we have to-date synthesized several other nano drugs and successfully inhibited preclinical human glioblastoma and triple-negative breast cancer 11, [14] [15] [16] [17] [18] .
The synthetic work starts with the preparation of highly purified nano drug platform, which is polymalic acid from the culture supernatant of Physarum polycephalum (a species of the "slime mold" family). The preparation emphasizes high molecular weights of the polymer, in principle allowing attachment of numerous antibodies, peptides, oligonucleotides and other molecules functioning in active drug delivery and tumor growth inhibition. Following the controlled culturing and purification, reproducible quality of polymer in predictable yields has been produced. The polymer is stored under convenient conditions for any time.
The synthesis of PMLA nano conjugates beginning with the chemical activation of the polymer-pendant carboxylates is carried out in a few synthetic steps. In between steps, synthesis can be optionally placed on hold allowing preparation of arbitrary amounts of intermediates and thus can be used in up scaling. The progress of synthesis is followed by TLC and sec-HPLC, and both the composition and activity of the nano drug is controlled by group-specific quantitative chemical assays, ELISA, and a variety of physical measurements. Our experience is that these syntheses have been progressed smoothly and reproducibly with excellent yields and purity. By choosing the specificity of antibody and antisense oligonucleotides any variant of nano drug is favorably synthesized as needed in personalized medicine.
The modalities of the successful treatment of human HER2-positive breast cancer are valid representatives for preparation of mouse cancer models, application of nano drugs, imaging, and analysis of tumor growth. The results of in vitro viability tests are useful in selecting the cell line and the leading drug to be used in the animal experiment. In vivo Xenogen imaging validates that the nano drug is indeed delivered into the tumor. Results of western blotting reveals whether the level of certain proteins responded in the predicted fashion during cancer treatment. Measurement of tumor size informs about the success of the treatment, i.e. about inhibition, recession or regression. The described example reflects our experience with other polymalic acid-based nano drugs indicating a high degree of predictability, reproducibility and absence of notable toxicity. Recent results on toxicity and efficacy of multiple targeted polymalic acid conjugates for triple-negative breast cancer treatment are in strong support of this notion 18 . A key feature is that our nano drug is able to penetrate bio-barriers: the endothelial barrier by extravasation into the tumor interstitial, the tumor cell membrane by endosome uptake, and endosome membrane disruption by action of the leucine ethylester or trileucine groups. Extravasation and endosome uptake are reliably accomplished by the specific antibodies attached to the nano drug. Antimouse transferrin receptor antibody mediates efficient influx into the tumor by transcytosis, probably because the receptor is overexpressed on most tumor vasculature. A different antibody attached on the same nano conjugate molecule functions in specifically directing the nano drug into the recipient tumor cell. The presence of both antibodies, the one for transcytosis and the other one for endosome uptake, is essential for optimal functioning. Quantitative analysis of malic acid and antibody is highly recommended in order to control optimal composition of the nano drug. Finally it should be noted that the all-in-one covalent nano drug delivers drug in chemically attached form en route through the host vasculature into the recipient tumor cell. Chemical attachment renders most drugs inactive (prodrugs) until they are reconstituted as free drugs by cleavage from the nano conjugate platform at the targeted site. This is important because the reactivation modality provides a high degree of safety during
